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This article extends our previous quantitative analysis of the
relationship between the dynamics of the primary structure of
DNA and mutagenesis associated with single-strand lesions to an
analysis of the production and processing of endogenous double-
strand breaks (EDSBs) and to their implications for oncogenesis.
We estimate that in normal human cells ~1% of single-strand
lesions are converted to ~50 EDSBs per cell per cell cycle. This
number is similar to that for EDSBs produced by 1.5-2.0 Gy of
sparsely ionizing radiation. Although EDSBs are usually repaired
with high fidelity, errors in their repair contribute significantly to
the rate of cancer in humans. The doubling dose for induced DSBs
is similar to doubling doses for mutation and for the induction of
carcinomas by ionizing radiation. We conclude that rates of pro-
duction of EDSBs and of ensuing spontaneous mitotic recombina-
tion events can account for a substantial fraction of the earliest
oncogenic events in human carcinomas.

he somatic mutations that are so characteristic of cancer may

be induced by environmental agents but also occur sponta-
neously. In a previous communication, we analyzed ionizing
radiation (IR)-induced mutations, both germinal and somatic, as
a function of dose rate, and identified a narrow range of rates at
which induced mutations per unit of dose rate reached a
minimum (1). In those analyses, we compared the rates of
production of various kinds of radiation damage to DNA with
those that occur spontaneously at background levels. However,
we were able to consider only single-strand DNA lesions (SSL),
because of insufficient published data on the rates of production
and background levels of double-strand breaks (DSBs) (2),"
which play a major role in carcinogenesis, e.g., in chromosomal
rearrangements and deletions, and in mitotic recombination
(MR) in somatic cells. Now, with recently published data at
hand, we present a quantitative analysis of the production of
endogenous DSBs (EDSBs) from different kinds of abundant
SSLs, and discuss plausible mechanisms of EDSB signaling and
repair in normal cells and their relationship to the genetic
phenomenology of cancer cells. Functional consequences of the
production of DSBs include activation of oncogenes, as in many
leukemias, lymphomas, and sarcomas, and loss or inactivation of
tumor suppressor (ts) genes, as in many solid tumors, including
most carcinomas.

Background Occurrence of DSBs

Rates of Production of DSBs in Human Cells. Normal cells grown in
vitro display very little evidence of phenomena commonly asso-
ciated with DSBs, namely, chromosome and chromatid breaks,
large deletions, and rearrangements. Is this because DSBs are
rare or because they are so precisely repaired that they leave little
microscopic evidence of their occurrence? One indirect mani-
festation of DSBs is sister chromatid exchange (SCE), which is
a signature of homologous recombination (HR), in which cross-
ing-over occurs between sister chromatids. In Bloom syndrome
(BS), an inherited condition that predisposes strongly to cancer,
including carcinomas, this assay has revealed a rate of SCE ~10
times more frequent per cell cycle than is observed in control
cells (3), whose rate is =5 SCEs per cell cycle. This latter value
establishes a minimal rate for the spontaneous occurrence of
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DSBs. If, as is thought, a major function of Blm protein is to
process aberrant DNA structures at sites of stalled and broken
replication forks and prevent HR events, including SCEs (4),
then the 50 or so SCEs observed per cell cycle in BS cells may
reveal the number of EDSBs produced per cell cycle. To
determine whether this is the case, we turn to data generated
during the study of DSBs produced by IR and of cellular
responses to them.

One of the earliest responses to an IR-induced DSB is the
phosphorylation of a histone, H2AX, at serine 139, yielding a
focal product (y-H2AX) that can be detected by a fluorescent
antibody (5-7). Other proteins then colocalize at these sites of
DSBs and so become candidate signatures for processing and
repair of this damage. These nuclear foci are strikingly apparent
after their induction by IR and can be counted. If DSBs occur
at a significant rate, without IR exposure, would the same foci
appear in normal cells? The answer is, impressively, yes, at least
for normal human fibroblasts. Knowing the background rate of
focus formation of seven per cell cycle, and comparing it with the
number of foci, 52, found in a cell exposed to a given dose (12
Gy) of IR (7), one can calculate a doubling dose (DD) of IR, i.e.,
the dose of IR that would double the number of foci. From the
n-fold increase in the magnitude of the signal after exposure to
adose D of IR, the DD can be calculated as the dose that induces
signal with a magnitude equal to the background level, i.e., when
n = 2. Thus, if the magnitude of the background signal is one
relative unit, and a dose D increases this level n-fold (and
therefore, the induced magnitude of the signal is n — 1 relative
units), the DD = D/(n — 1). A summary of these and other
published results on foci with y-H2AX and another protein (7)
is presented in Table 1.

From these data, we estimate that the overall DD for y-H2AX
foci is 1.5 Gy (= =~1.5 Sv for vy-rays). Inasmuch as the number
of IR-induced DSBs is linearly dependent on the dose of IR, with
a slope of ~30 DSBs per cell per Gy (8, 9), and because the
number of foci is probably a constant fraction of induced DSBs
(7), we can calculate that a DD of 1.5 Gy would induce ~45 DSBs
above a background of 45 EDSBs. Consequently, the estimated
rate of y-H2AX focus formation for normal human cells corre-
sponds to about the same number of DSBs as that estimated
from SCEs observed in BS cells. We note, incidentally, that
individual therapeutic doses of IR are usually in the range of this
DD for DSBs (=2 Gy). As we show elsewhere (1), the mutational
response of mammalian cells to the genotoxic action of IR
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Table 1. Protein foci formed in response to DSBs

Number
Type Control Rad 12 Gy Induced
yH2AX 7 52 45
vyH2AX/Rad50 6 32 26
vyH2AX/Brca1 2 25 23
yH2AX/Rad51 2 19 17
All types 17 128 111

depends on the rate of production of spontaneous damage. So,
the rates of production of EDSBs are relevant for both sponta-
neous and environmental mutagenesis, as well as for radiother-
apy and some forms of chemotherapy. From a consideration of
these data and of data from BS cells, we conclude that the
spontaneous rate of production of EDSBs is ~50 per cell per cell
cycle.

Production in Non-Human Cells. DNA replication-associated pro-
duction of DSBs has also been measured in demembranated
sperm nuclei by using extracts from eggs of the African clawed
frog, X. laevis, which were immunodepleted of the Mrell-
containing complex of proteins to minimize the repair of EDSBs
that arise during normal DNA replication. Each chromosome
accumulated 5-10 DSBs (10). These haploid nuclei revealed 90
DSBs per sperm DNA equivalent (or 180 per diploid equiva-
lent), a rate that is three to four times higher than that calculated
for mammalian somatic cells when the genomic DNA content in
Xenopus is taken into account (11).

The production of EDSBs has also been studied in the yeast,
S. cerevisiae, whose genome consists of 12 X 10° bp (12). Here,
the protein Rad52, which is essential for homologous recombi-
nation repair (HRR) and for repair of radiation-induced DSBs
in other eukaryotes, relocalizes to form foci after exposure to IR,
as it also does in 22% of unexposed S-phase haploid cells (12).
Thus, the spontaneous rate per base pair would be at least 0.22
per 12 X 10° bp, or 2 X 1078 per base pair per cell cycle.

This rate of occurrence of EDSBs seems to apply even to
prokaryotes (13, 14). For example, at least 10% of E. coli cells
sustain one spontaneously produced DSB per cell cycle (re-
viewed in ref. 14). Because the E. coli genome comprises 4 X 10°
bp, this translates to at least 2.5 X 1078 DSBs per base pair per
cell cycle.

We see for a wide range of species that spontaneous DSBs
occur in both germinal and somatic cells at rates, in vitro and,
perhaps, in vivo, of 50-180 per 6 X 10° bp, or about one DSB in
108 bp (approximate DNA content of average human chromo-
some) per cell cycle (Table 2).

Origin of EDSBs from SSLs. From these considerations it appears
that EDSBs are produced at a rate of approximately one per 108
bp per cell cycle and repaired at a probable rate of at least 95%
over a broad range of organisms. The production of such breaks
is a dynamic process that occurs in two steps. The first step is the

Table 2. Rate of production of EDSBs in different species

EDSBs
BPs per
Species genome Cell cycle 108 bp
Homo sapiens 6 X 10° 50 0.8
Xenopus laevis 6 x 10° 160 2.7
Saccharomyces cerevisiae 1.2 X 107  One per 4-5 cells ~2
Escherichia coli 4 x 106  One per 1-10 cells =2

Calculations and references can be found in the text.
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Fig. 1. Flow chart of the rates of production of EDSBs from SS lesions in
mammalian cells under normal conditions. 1, Rate of production per S phase
of cell cycle; 2, see ref. 1; 3, Number in Gy equivalent of IR (= DD).

abundant production of SSLs of different types during a normal
cell cycle, in amounts equivalent to that induced by radiation
delivered at a dose rate of ~0.5 ¢cGy/min (1), and the second step
is the conversion of some SSLs into DSBs during the S phase of
a cell cycle (Fig. 1).

The most abundant spontaneous SSLs are single-strand breaks
(SSBs), apurinic/apyrimidinic (AP) sites, the oxidation products
8-oxoguanine (8-0x0G) and thymine glycol (TG), and some
endogenous alkylation products, including 3-methyladenine (3-
MA) (1, 15-20). We estimated the rate of production of SSBs
and AP sites in vivo at =600 per h and of 8-0x0oG and TG at a
minimum of ~200 and 100 per cell per h, respectively (ref. 1 and
references therein). We do not have an estimate for the rate of
production of 3-MA, but it seems to be an order of magnitude
below that for SSBs and oxidation base products. The total rate
of production of these SSLs is probably ~1,000 per cell per h and,
therefore, on the order of 5 X 103 per S phase, or 10~° per base
pair of DNA per S phase. This rate is ~100 times the rate
calculated for production of EDSBs per cell during DNA
replication.

The vast majority of SSLs are repaired by error-free mecha-
nisms, but at least 1% escape repair and are not bypassed. These
lesions cause collapse or stalling of replication forks from SSBs
or base damage, respectively. Some of these lesions are then
converted to DSBs. For example, as shown in bacterial cells, an
unrepaired SSB causes collapse of a replication fork and for-
mation of a DSB (14), whereas many TGs, 3-MAs, apurinic sites,
and, to a lesser extent, 8-0xoGs, in the template strand cause a
block of DNA replication (21-25) and formation of nicks and
gaps in DNA that can lead to DSBs and activation of HR. Precise
estimates of the rates of these events are not available, but as
concluded above, the 5 X 103 SSLs that occur in a normal cell
cycle evidently lead to 50 or so EDSBs per cell per cell cycle, a
conversion rate of ~1%. Virtually all of these conversions occur
during S phase; therefore, nondividing cells are expected to
produce EDSBs at a very low rate. Data for rates of production
are not available for such cells (26, 27), but their ambient level
is very low (estimated at ~0.05 per cell) in resting human diploid
fibroblasts (27).

We note, too, that this analysis provides a basis for under-
standing the role of reactive oxygen species (ROS) in the origin
of EDSBs under normal conditions. These ROS do not produce
DSBs directly at a biologically relevant rate but, rather, indirectly
through the formation of SSLs (Fig. 1), which can be converted
to DSBs, just as happens for EDSBs in replicating cells under
normal conditions.
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Repair of EDSBs

HRR. What, then, are the mechanisms for such effective EDSB
repair? One such mechanism is revealed by the occurrence of
endogenous SCEs and of their large increase in cells from
individuals with BS (3), in which there is a defect in the gene
that encodes a helicase that is critical in regulating HRR.
Apparently in BS cells, the 90% of DSBs that are normally
repaired with no detectable effect, as discussed (28-30), are
instead repaired by SCEs. To a far lesser extent, there is
recombination between chromosomes (MR), which is in-
creased 50- to 100-fold in BS cells (3), as discussed later. An
observable effect of this second phenomenon in somatic cells
can be loss of heterozygosity (LOH) for markers distal to the
site of recombination, one daughter cell becoming homozy-
gous for one set of alleles and the other for the remaining set.
Analysis of BS cells reveals that HRR is an important mode of
repair/processing of EDSBs and that errors in this repair may
contribute substantially to the origin of common human
“spontaneous’ cancers.

The product of the gene that is mutated in BS, Blm, is one
of multiple proteins that are involved in the repair/processing
of DSBs by HR (2, 28-36), the key component of which is
Rad51. In both undamaged and IR-exposed cells, Brcal and
Brca2 proteins associate with Rad51 in nuclear foci (34, 35).
A still larger Breal-associated genome surveillance complex
(BASC) is presumed to be active in the repair of abnormal
DNA structures (36), including DSBs. The initial step in HRR
is resection of broken DNA ends, catalyzed by a complex of
Mrell, Rad50, and Nbs1 proteins, which interacts with Breal
to enable DNA strand invasion and displacement by Rad51 for
“search homology.” The critical role of Brcal and Brca2 in the
HRR of EDSBs is further shown by the extensive chromosomal
breakage found in cells nullizygous for both BRCAI and
BRCA2. The fact that germline mutations in BRCAI and
BRCA?2 predispose to breast cancer is probably due to the
mutagenic effects of estrogen in all tissues, but especially in a
tissue expressing estrogen receptors, and suggests that estro-
gen can be an important factor in the production of EDSBs,
whose repair requires Brcal and Brca2.

Nonhomologous End-Joining (NHEJ). The other major pathway is
NHEJ, which operates in all phases of the cell cycle but is
particularly active during G;. The proteins that mediate NHEJ
include DNA-dependent protein kinase (DNA-PK), which is
composed of a catalytic subunit, DNA-PKcs, and a Ku70/Ku80
heterodimer that recruits DNA-PKcs, which in turn reacts with
the XRCC4-ligase IV heterodimer to rejoin the broken DNA
ends.

The balance between the utilization of the HRR and NHEJ
pathways within cells can change. Uniquely HRR proteins (e.g.,
Rad51 and Rad52) and uniquely NHEJ proteins (Ku70, Ku80,
and DNA-PKcs) both bind to DNA ends at DSBs; loss of one can
be partially compensated for by the other (37). NHEJ is the chief
mode for repair of IR-induced DSBs (2, 8). We have emphasized
IR induction of DSBs because of excellent quantitation of dose,
but we also note the importance of NHEJ for response to viral
infection. For example, HIV infection is thought to kill cells at
least partly by activation of an apoptotic cell death pathway.
Therefore, the discovery of Daniel et al. (38) that infection of
cells that are mutationally defective in NHEJ results in increased
apoptosis suggests that the NHEJ pathway can be involved in
non-error prone repair of not only IR-induced DSBs but also
other induced DSBs.

Single-Strand Annealing (SSA). The third identified major mech-

anism for the repair of DSBs is SSA, which operates principally
in repair of lesions in repetitive DNA sequences, such as Alu
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elements, and can create chromosomal deletions, insertions,
and translocations. Because there is so much DNA that is
repetitive, SSA could be a common mechanism of repair.
Indeed, translocations between nonhomologous chromosomes
are common occurrences in yeast (39). However, this mech-
anism seems to be suppressed in normal mammalian cells but
perhaps not in cancer cells. A possible mechanism in cancer is
suggested by the observed stimulation of SSA by the loss of
wild-type BRCA2, which in turn is associated with an increased
lethality from mitomycin C-induced DNA cross-links. Such a
mechanism could explain much of the chromosomal structural
instability seen in cancer cells and points to SSA as a possible
therapeutic target, because cancer cells would be much more
vulnerable than normal cells (40).

Fidelity of Repair of DSBs as a Function of the Rate of Their Production.
The fidelity of repair of EDSBs by HRR or NHEJ should be high
in normal cells. However, DSBs induced by IR delivered at a high
dose rate are repaired with a lower fidelity, in good agreement
with a predominant role for NHEJ in rejoining radiation-
induced, but not endogenous, DSBs. This seems to imply that
HRR, a relatively error-free mechanism, is the principal pathway
for repair of EDSBs. But there is evidence that the fidelity of
NHEJ in human diploid fibroblasts is strongly dependent on the
dose rate of IR (41), being error-prone at high dose rates but not
measurably so at low dose rates. Such dependence has been
suggested also from the analysis of dose-rate effects on somatic
and germ-line mutations (1). IR is usually used experimentally
at dose rates of ~1 Gy/min or more. At this dose rate, the
production of mutations is considerably higher per unit of
radiation delivered and the fidelity of repair is clearly less than
at a dose rate of 0.5 ¢cGy/min. Therefore, it is important to
estimate the DSB DD rate, i.e., the dose rate of IR that produces
DSBs at a rate similar to that with which EDSBs are produced.
Because DNA replication occurs over a period of ~6 h, EDSBs
are produced at a rate of ~50 every 360 min, or 0.14 per min. IR
induces DSBs with a yield of 30 per cell per Gy, or 0.30 per cell
per cGy (9). Consequently, at a dose rate of 0.47 ¢cGy/min, IR
would induce DSBs at a rate equivalent to that at which EDSBs
are produced in replicating cells such as cultured normal human
fibroblasts, i.e., 0.47 ¢cGy/min would be a DD rate. Such com-
parison indicates that the fidelity of NHEJ in the repair of
radiation-induced DSBs may be no less than that of HR in the
repair of EDSBs. This conclusion is in good agreement with data
on the dependence of the fidelity of repair of DSBs on the dose
rate in normal human fibroblasts (41); DSBs induced by IR
delivered at a dose rate of ~0.4 cGy/min are repaired with a very
low error rate, primarily by NHEJ. Thus, NHEJ can be an
effective mode of repair of EDSBs when the usual mechanism
of their repair by HRR is overloaded or the rate of their
formation is increased by failure of restoration of stalled repli-
cation forks, as discussed earlier.

Signaling from DSBs for Their Repair

Local and Global Signaling. A well known response to DNA
damage, including DSBs, is the activation of cell cycle check-
points to allow time for repair of induced DNA damage before
its conversion into irreparable genetic alterations or induction of
apoptotic cell death. Among the most proximal identified par-
ticipants in these responses in mammalian cells are three pro-
teins of the lipid kinase phosphatidylinositol 3-kinase family
(PI3K) [also called PI3K-like protein kinases (PIKKs)]: Atm
(ataxia telangiectasia mutated), Atr (Atm- and Rad3-related),
and the DNA-dependent protein kinase complex DNA-PK.
After exposure to IR, the activities of Atm, Atr, and DNA-PK
are up-regulated and constitute the initiating signal for cellular
responses to DSBs. Atr can also be activated by UV light-
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induced damage and especially by hydroxyurea and other agents
that induce replicative stress.

However, activation of DNA-PK in response to DSBs results
immediately in activation of NHEJ, which rapidly rejoins DSBs
(2, 8, 9, 41). Therefore, signaling from DNA-PK requires a
shorter time and is more localized than signaling from Atm and
Atr, which also play roles in checkpoint activation. Accordingly,
two kinds of DSB signaling can be envisioned, local and global.
As noted previously, a key step in HRR is the formation by
Rad51 (with the assistance of Brca2) of a nucleoprotein filament
on the strand exposed after the initial resection. The message
from Atm to Rad51 is mediated by Abl, which thus plays a role
in HRR (42, 43).

The DD for the Intensity of DSB Signaling. We estimated earlier the
DD for radiation-induced phosphorylation of histone H2AX and
its conversion into y-H2AX protein. Recent evidence indicates
that any of the three PIKKs, Atm, Atr, and DNA-PK, can be
responsible for this phosphorylation (7, 44). What, then, is the
DD for the activation of Atm and DNA-PK (both good candi-
dates for the initiation of signaling from IR-induced DSBs)? If
DSBs initiate a signaling pathway for repair, their DDs might be
expected to be rate-limiting and therefore similar to the DDs for
important steps on the repair pathways. These latter DDs can be
calculated from published data (45).

In the normal human lymphoblast cell line GM0536, a clearly
detectable increase in Atm kinase activity was observed as early
as 5 min postirradiation (5 Gy of y-irradiation), and the activity
was maximally up-regulated (=~4-fold) at 60 min postirradiation
(45). If the response in the range of 1-5 Gy were linear, the DD
for activation of Atm would be ~1.7 Gy.

The activation of DNA-PK in response to radiation-induced
DSBs is determined by the recruitment of DNA-PKcs to a DSB
through binding of the Ku70/Ku80 complex to the DNA ends.
A basal level of activated DNA-PK was also measured in normal
human lymphoblastoid cells before and after their exposure to
5 Gy of y-irradiation. DNA-PKcs kinase activity reached a
maximum, ~3-fold, at 120 min postirradiation (45), thereby
indicating a DD of ~2.5 Gy for the activation of this key protein
in signaling from, and processing/repair of, DSBs.

Abl is up-regulated after exposure to IR or certain anticancer
drugs, such as cisplatin or mitomycin C, that can produce DSBs
(43, 45-48). In normal human lymphoblast cell lines, up-
regulation of Abl kinase activity was detected within 15 min, with
maximal activation of 4- to 5-fold at 60 min, after irradiation by
5 Gy of y-irradiation (45). Thus, the presumed DD for activation
of Abl kinase in these cells would be in the range of 1.2-1.7 Gy.
In normal mouse embryonic fibroblasts (MEFs), activity of the
enzyme rises ~3.5-fold in cells exposed to 5 Gy of y-irradiation,
suggesting a DD of 2 Gy.

Putative Sensors of EDSBs. The estimates of DDs for production of
DSBs and for signaling from them all fall in a range of 1.2-2.5
Gy, suggesting that either these kinases themselves or proteins
that directly interact with both DSBs and the kinases represent
the sensor(s) of the breaks, and that the initial event, the DSB,
is rate-limiting for the chain of events that follows. For DNA-PK,
there is convincing evidence that the Ku heterodimer is a sensor
of DSBs, which, after interaction with the broken ends, attracts
and activates the DNA-PKcs.

However, activation of Atm-initiated, and probably also Atr-
initiated, signaling depends not only on the presence of DSBs but
on a number of other factors whose amounts/activities could be
cell-type-specific and dependent on conditions of culture and, of
course, the cell’s mitotic activity. For example, phosphorylated
H2AX recruits a mediator of DNA damage checkpoint protein
1 (MDC1) to DSB sites, thereby apparently enhancing phos-
phorylation of H2ZAX and amplifying the response of ATM to
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DSBs synergistically (49). Therefore, we do not expect that all
mammalian cells, cultured under different conditions, would
show identical DDs for activation of Atm and proteins that are
activated by Atm.

An important publication from Kastan’s laboratory (50) re-
ports the activation of Atm by IR-induced damage, presumably
by DSBs, based on autophosphorylation. Observations concern-
ing the mechanisms of initiation of DSB signaling by Atm (ref.
50 and references therein), combined with the previously con-
sidered findings of almost immediate phosphorylation of histone
H2AX in response to DSBs in a dose-dependent manner,
strongly suggest a role for chromatin dynamics in the response of
mammalian cells to both spontaneous and IR-induced DSBs.
However, the DD for activation of autophosphorylation of Atm
by IR and of phosphorylation of different substrates by Atm
could be different.

The concept of monitoring EDSBs immediately anticipates,
in agreement with previous data (34, 35, 51, 52), the presence
of at least some DSB signaling proteins in chromatin dur-
ing S phase. In this context, EDSBs may be referred to as
physiological DSBs (with regards to signaling). These EDSBs
provide a “noisy” background against which induced DSBs can
be recognized by signaling pathways. For the sensing of stimuli
in biological systems, recognition of a signal is most effective
in the presence of a relatively low, but not too low, background,
as discussed (1). Thus, a general principle is emerging: the
detection of, and response to, exogenously induced DNA
damage of different forms is a comparative process (1).
Physiological signaling from EDSBs is certainly quite different
from that induced by acute, high-dose-rate IR, which is usually
used in both radiobiological and “cell signaling” studies.
However, as estimated above, if IR were delivered at a dose
rate of ~0.5 ¢Gy/min, the magnitude of signaling would be
comparable with that for endogenous DSB produced during
DNA replication. There should be a clear dependence of DSB
signaling on the rate of their induction.

Relationships Between Spontaneous and IR-Induced Cancer
and DSBs

Oncogenic Events and Errors of DSB Repair. The first events in
carcinogenesis are most commonly either translocations that
activate or form an oncogene, or mutations or losses of the two
alleles of a ts gene. The former characterize many leukemias,
lymphomas, and sarcomas, whereas the latter are usual for the
common carcinomas. Translocations can result from errors in
NHEJ, SSA, or, to a lesser extent, HRR (28-30, 53, 54); however,
in most lymphomas, translocations are associated with mecha-
nisms unique to the lymphoid lineage of cells. Mutation and loss
of ts alleles by MR constitute major mechanisms in the produc-
tion of premalignant lesions on the path to carcinomas. The
latter show extensive chromosomal instability, including inter-
chromosomal rearrangements, which can obscure early events,
and are not discussed here.

HRR and MR. HRR can occur between identical sister chromatids,
with or without resulting SCEs, without oncogenic consequence
(28, 30, 55, 56). With very low frequency, however, HRR can
lead to recombination between chromatids of homologous chro-
mosomes, i.e., MR for alleles beyond the site of recombination.
The chief oncogenic consequence of such an event is the
conversion of a cell that is heterozygous for a mutation in a ts
gene into a cell that is homozygous for the mutation. Judging
from data available for several of the best-studied tumors,
including retinoblastoma and colorectal adenomas, LOH for a ts
gene is a common second event (57-60), and MR is a common
cause of LOH (59, 60). Although MR is a common second event
during spontaneous oncogenesis, deletion is an important
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second event during IR-induced oncogenesis. Obviously, MR
cannot be a first event because this reaction would be silent in
the absence of a mutation.

LOH events due to MR are frequent second events in the
inactivation of ts genes, but their frequency does not directly
measure the frequency of HRR itself. Although MR relies on
the rare somatic pairing of two homologous chromosomes
followed by HRR, it affects many genes. Of course, the
segment of a chromosome affected by MR varies considerably
in length, according to the position of the site of recombina-
tion. An estimate of the mean length of an affected segment
can be made by considering that the 22 autosomes have a total
of 39 arms (5 are acrocentric) and that, if the average event
resulted in MR for one-half of the genes on a chromosomal
arm, each MR event would affect ~1% (1/2 X 1/39) of the
genome. What, then, is the frequency of MR? In an interesting
study of BS cells, Langlois et al. (3) found that the M and N
alleles at the glycophorin A locus were recombined with a
frequency of 1073 per gene per cell, whereas these alleles
recombined in control cells at a frequency of ~107>. Although
it is not possible to calculate the frequency of MR per mitosis
directly, it seems that it is at least as high as the rate of point
mutations (=2 X 1077), because a frequency of 107> reflects
a rate of MR per mitosis that is greater than specific locus
mutation rates. However, one recombination event would
affect ~1% of the genome, so a frequency of 107> per gene
would correspond more closely with a frequency of 1077 for a
MR event. For comparison, suppose, in agreement with avail-
able information, that one per million EDSBs is repaired by
MR and that 1% of all genes would be affected, as estimated
above. Then 50 EDSBs per S phase would yield 5 X 1077
recombinants per gene per cell per cell cycle. This probably
explains why a point mutation is the most common first event
in the inactivation of a ts gene but may be even less common
than MR as the second event; MR occurs less frequently
than does intragenic mutation, but the resultant LOH for a
particular locus may be more frequent. For example, in a study
of second events at the APC locus in adenomatous polyps,
Tomlinson and colleagues (59) reported that 60% of second
events were due to MR, the remainder being due to point
mutations or small (1-13 bp) intragenic deletions. This study
supports the idea that MR occurs in vivo at a rate that is of the
same order of magnitude as the rate for intragenic mutations.

As reviewed recently (61), data on the Min mouse model for
polyposis (62) also “pointed to MR as the cause of the loss of the
normal Apc allele” (61). Furthermore, an increase in LOH rates
due to MR was observed in intestinal lesions from Min mice
(heterozygous for mutation of the Apc gene) bred on a BS
(BLM—/—) background and was accompanied by a great in-
crease in the number of adenomatous polyps (63).

DD for Mutation and Cancer Incidence in Humans. If DSBs contrib-
ute substantially to both mutation and the incidence of solid
tumors, we may expect to find that the DDs for all three
phenomena are similar. Indeed, they are all in the range of
1.2-1.5 Sv. (The biological effectiveness of 1 Sv of IR is the
same as that of 1 Gy for sparsely IR such as x-rays and y-rays.)
Mutation data were collected by assays of somatic glycophorin
A (GPA) variants, namely, by the occurrence, in a population
of erythrocytes from patients of genotype MN, of MM or
M_ cells, reflecting the mechanisms of MR (MM) or deletion
(M_), respectively (64). The response to IR was linear, with a
DD of 1.20 Sv. Data for cancer incidence, obtained from the
Life Span Study of atomic bomb survivors in Japan, revealed
a DD of 1.59 Sv (64-66). We estimate a DD of 1.52 Sv by
confining the analysis to the 12 major solid tumors that meet
the criteria set by the United Nations Scientific Committee
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on Atomic Radiation that “adequate epidemiological data
are available from the Life Span Study” (Table 3, which is
published as supporting information on the PNAS web site,
www.pnas.org, and references therein).

Conclusions

We conclude from our analysis of published data that EDSBs
are produced at sites of common SSLs during S phase at a rate
of ~50 or so per cell cycle in mammalian cells. This analysis
reconciles an apparent discrepancy that on one hand EDSBs
were until recently regarded as too infrequent to be biologi-
cally relevant, and that on the other hand, HR is important
during normal DNA replication. The rate of EDSB production
is estimated as approximately equal to that produced by 1.5 Gy
of IR, i.e., 1.5 Gy is a DD for DSBs. Because the length of S
phase for cells such as human diploid fibroblasts is ~6 h, the
rate of EDSB production during cell replication is nearly
identical to that of DSB induction by IR at a dose rate of 0.5
cGy/min. At this dose rate, mammalian cells show a minimal
yield, per unit dose, of IR-induced mutations (1); i.e., repair
of induced DSBs is most efficient and precise when they are
produced at the above-estimated rates. Evidently, the mech-
anisms of repair of DSBs have evolved to deal with the dynamic
instability of the primary structure of DNA during its
replication.

Although the rate and fidelity of repair of EDSBs are opti-
mized, the ensuing low level of errors can account for an
important fraction of oncogenic events in humans, notably to the
inactivation of ts genes, which are the usual targets in prema-
lignant lesions in the genesis of carcinomas. The first event in the
inactivation of a ts gene allele is usually a SSL, and the second
event is frequently the result of EDSB-initiated MR. In contrast,
IR-induced second events often result from deletions due to
errors in repair by NHEJ. Although MR is a rare event, we
calculate, taking into account the rate of production of EDSBs,
that its rate of targeting the second allele of a ts gene is of the
same order of magnitude as the rates of deletion or point
mutation and deduce that its consequence is selectable when a
cell that is heterozygous for a ts mutation is converted to a
homozygous cell (LOH phenomenon).

We have considered, for the sake of simplicity, that DSBs arise
uniformly across the genome, although we realize that the well
known phenomena of mutational “hot spots” and chromosomal
“fragile sites” may be indicative of heterogeneity for vulnera-
bility to EDSBs as well. We also realize that there are significant
differences in the repair of DSBs between rodents and humans,
so we have relied on human data wherever possible for quanti-
tative conclusions. Further research, using new knowledge of
DNA repair, may help to explain differences in oncogenesis
between rodents and humans.

Finally, we conclude that many cancers are dysregulated for
repair of EDSBs, especially those with loss of function of 7P53,
and might be targeted by new therapeutic agents. For example,
inhibitors of topoisomerases I and II induce DSBs predomi-
nantly in S phase, as with EDSBs, and HRR is the predominant
mechanism of the repair of both induced and endogenous DSBs
produced in this manner. We also note that SSA, a mechanism
seldom used for repair of DSBs in human cells, is recruited for
repair of EDSBs in cancer cells and also could be a therapeutic
target for induction of lethal genomic instability.
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